The immune system plays a crucial role in many diseases. Activation or suppression of immunity is often related to clinical outcome. Methods to explore the dynamics of immune responses are important to elucidate their role in conditions characterized by inflammation, such as infectious disease, cancer, or autoimmunity. Immuno-PET is a noninvasive method by which disease and immune cell infiltration can be explored simultaneously. Using radiolabeled antibodies or fragments derived from them, it is possible to image disease-specific antigens and immune cell subsets. Methods: We developed a method to noninvasively image human immune responses in a relevant humanized mouse model. We generated a camelid-derived single-domain antibody specific for human class II major histocompatibility complex products and used it to noninvasively image human immune cell reconstitution in nonobese diabetic severe combined immune deficiency g2/2 mice reconstituted with human fetal thymus, liver, and liver-derived hematopoietic stem cells (BLT mice). Results: We showed imaging of infiltrating immunocytes in BLT mice that spontaneously developed a graft-versus-host-like condition, characterized by alopecia and blepharitis. In diseased animals, we showed an increased PET signal in the liver, attributable to infiltration of activated class II major histocompatibility complex 1 T cells. Conclusion: Noninvasive imaging of immune infiltration and activation could thus be of importance for diagnosis and evaluation of treatment of graft-versus-host disease and holds promise for other diseases characterized by inflammation.
The immune system plays a crucial role in many diseases. Activation or suppression of immunity is often related to clinical outcome. Methods to explore the dynamics of immune responses are important to elucidate their role in conditions characterized by inflammation, such as infectious disease, cancer, or autoimmunity. Immuno-PET is a noninvasive method by which disease and immune cell infiltration can be explored simultaneously. Using radiolabeled antibodies or fragments derived from them, it is possible to image disease-specific antigens and immune cell subsets. Methods: We developed a method to noninvasively image human immune responses in a relevant humanized mouse model. We generated a camelid-derived single-domain antibody specific for human class II major histocompatibility complex products and used it to noninvasively image human immune cell reconstitution in nonobese diabetic severe combined immune deficiency g2/2 mice reconstituted with human fetal thymus, liver, and liver-derived hematopoietic stem cells (BLT mice). Results: We showed imaging of infiltrating immunocytes in BLT mice that spontaneously developed a graft-versus-host-like condition, characterized by alopecia and blepharitis. In diseased animals, we showed an increased PET signal in the liver, attributable to infiltration of activated class II major histocompatibility complex 1 T cells. Conclusion: Noninvasive imaging of immune infiltration and activation could thus be of importance for diagnosis and evaluation of treatment of graft-versus-host disease and holds promise for other diseases characterized by inflammation. PETmakesuseofr adiolabeled antibodies against disease-specific antigens (1) . This approach finds its application most frequently in cancer, where tumors can be visualized by detection of tumorspecific antigens (2) . Immuno-PET can assist in diagnosis and disease staging and may have added utility for treatment, because there is often a correlation between antigen expression and clinical effect of anticancer therapy (3). Beyond imaging cancer, there has been an increasing effort to use immuno-PET to assess infectious events (4) or to image infiltration of immune cells (5) . The use of fullsized antibodies has its limitations when applied to immuno-PET. Their considerable size (;150 kDa) contributes to a long circulatory half-life and modest tissue penetration. To offset these drawbacks, smaller immunoglobulin-derived formats have been developed, allowing same-day imaging (6) .
We and others have developed noninvasive radiolabeled VHHbased immuno-PET imaging to detect immune cell infiltration in mice as a relevant preclinical model (5, (7) (8) (9) . Members of the camelid family (e.g., camels, alpacas), in addition to producing conventional antibodies, make a subset of Igs that are heavy chain-only. These can be reduced in size to small (;14.5 kDa) antibody fragments (termed VHHs) that consist of a single monovalent antibody variable domain, which retains the antigen-binding capabilities of conventional 2-chain antibodies (10) . Because of their smaller size, stability, increased tissue penetration, and rapid circulatory clearance, the use of VHHs for imaging has advantages over conventional antibodies (11) .
To image human immune cell infiltration and activation in inflammation, we used immunodeficient mice reconstituted with a human immune system. This is achieved through transplantation of NOD/SCID IL2Rg c -deficient recipient BLT mice (12) . The BLT mouse shows reconstitution of human lymphoid and myeloid lineages. Developing T cells are educated in the context of the human thymus graft. BLT mice often develop graft-versus-host (GvHD) disease characterized by massive infiltration of activated T cells (13) , albeit with a delay as compared with chronic GvHD in a clinical transplant setting. GvHD is one of the major complications of allogeneic hematopoietic stem cell transplantation, a curative immunotherapeutic option for different hematologic neoplasias. GvHD is characterized by T cell infiltration into target organs, with the most severe effects occurring in the gastrointestinal tract and skin (13) . To prevent GvHD, one must maintain a careful balance between T cell inhibition-accomplished by immunosuppressive drugs-and T cell activation, to maintain both graft versus tumor effects and prevention of GvHD. We show invasion of activated human T cells in the mouse liver in the BLT GvHD model. Our results demonstrate the feasibility of detecting active immune responses noninvasively and suggest wider applicability of VHHbased immuno-PET in a clinical setting.
MATERIALS AND METHODS

Generation of VHH Specific for Human Class II MHC Molecules
Procedures for the generation of VHHs have been described in detail previously (14) . Briefly, to obtain VHHs specific for human class II MHC, 1 alpaca underwent 5 rounds (;100 mg each) of immunization with purified human leukocyte antigen (HLA)-DRB1*01:01, DRB1*04:01, and DRB1*15:01. These proteins were purified using established methods (15, 16) . After RNA isolation, complementary DNA synthesis of the alpaca heavy chain, and expression in TG1 bacteria for phage display, panning was performed by enzyme-linked immunosorbent assay against purified HLA-DR.
Expression and Purification of HLA-DR1 Proteins
For nuclear MR (NMR) experiments, recombinant HLA-DR1 proteins were produced from Escherichia coli as previously described (17, 18) . Briefly, HLA-DR1 a-and b-chains were expressed separately either unlabeled in 2YT medium or 15 N-labeled in minimal medium (M9) supplemented with 15 N-NH 4 Cl (1 mg/mL). Inclusion bodies were purified under denaturing conditions by ion exchange chromatography. A labeled and unlabeled chain were combined and refolded together by dilution, to yield 15 Na-or 15 Nb-labeled HLA-DR1, to reduce signal overlap in comparison to a 15 Na/b-labeled sample. The HA 306-318 peptide (PKYVKQNTLKLAT, purchased from Peptides and Elephants) was then loaded onto refolded HLA-DR1 by applying a 10-fold molar excess. Resulting HLA-DR1/HA complexes were further purified by gel filtration in phosphate-buffered saline buffer, pH 5.8 (Superdex 200; GE Healthcare) before NMR measurements.
NMR Spectroscopy and Analysis
NMR spectra were recorded on a Bruker AV 700 MHz magnet equipped with a 5-mm triple-resonance cryoprobe. Measurements of the individual protein complexes (200 mM) were performed at 310 K in phosphate-buffered saline buffer (pH 5.8), containing 10% D 2 O. Spectra were processed with Topspin (Bruker) and analyzed with CCpNmr analysis. Chemical shift differences were calculated using the equation Dd 5 (dH 2 1 (0.15dN) 2 ) 0.5 and were considered as significant if Dd was larger than the sum of the average and SD of all chemical shift differences. Signal-to-noise ratios were determined with Sparky (T.D. Goddard and D.G. Kneller, SPARKY 3, University of California) and were considered as significantly reduced if smaller than the mean value minus the SD.
RESULTS
Development of VHH Specific for Human Class II MHC Products
To generate a VHH directed against human class II MHC products, an alpaca was immunized with purified HLA-DRB1*01:01, DRB1*04:01, and DRB1*15:01 (19) . Following standard selection and cloning procedures, described in the "Materials and Methods" section, a candidate VHH that showed specific binding to HLA-DR in enzyme-linked immunosorbent assay was identified: VHH4. To further characterize its specificity, VHH4 was conjugated to fluorophore tags in a sortase-mediated reaction ( Fig. 1A ) (20) . Sortase recognizes a LPXTG motif and cleaves the bond between the threonine and glycine, forming a thioester intermediate (21) . A Gly3-R substrate, where R can be any biomolecule of interest, will replace the enzyme in the thioester intermediate and forms a protein-LPET-GGGR product. Texas Red was conjugated to VHH4 in this manner. Liquid chromatography-mass spectrometry and sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis confirmed formation of the site-specifically fluorophore-labeled VHH4 (Figs. 1A and 1B). Although having similar sizes, the fluorophore-labeled (Texas Red) VHH4 migrated faster in sodium dodecyl sulfate polyacrylamide gel electrophoresis, due to the hydrophobic nature of Texas Red (Fig. 1B) .
Alexafluor532-conjugated VHH4 was analyzed for its reactivity with class II HLA antigens by Luminex (Luminex Corp.). The HLA-DRB antigen-coated beads carry the commonly occurring HLA-DRB molecules, establishing that VHH4 recognizes all human HLA-DR products with the exception of DRB3*01 (data not shown). The choice of proteins used for alpaca immunization was dictated by availability of purified material in quantities sufficient for screening and immunization. The type of antibodies that emerges from such xenogeneic immunizations often fails to show preferential reactivity with any particular allelic variant and instead broadly cross-reacts with the various allomorphs at that locus.
To investigate the details of HLA-DR1-VHH4 interaction, 1 H-15 N-HSQC spectra of 15 Na-or 15 Nb-labeled HLA-DR1/HA in the absence and in the presence of equimolar amounts of VHH4 were compared (Supplemental Figs NMR resonances displayed significant changes in chemical shift, confirming direct interaction of VHH4 with the residues concerned. The amide groups in both chains of the class II MHC molecule were affected. When projected onto the corresponding crystal structure, the affected residues-with the exception of aGlu4, aHis33, and bVal85-localize to the membrane-proximal a2 and b2 domains (Supplemental Fig. 1B) , far from the peptide-binding groove. This interface coincides with the interaction site for the CD4 coreceptor, as can be seen from Supplemental Figure 1C , which shows that the VHH4 binding region is also involved in the interaction with the CD4 D1 domain as determined by crystallography. The binding site thus identified is highly conserved and explains the broad reactivity of VHH4 with the many HLA-DR specificities examined. Nonetheless, we cannot exclude the possibility that different allelic HLA-DRB products might not all bind VHH4 equally well. No chemical shift perturbation was observed when a control VHH (VHH7, recognizing murine Class II MHC products) (9, 22) was added in equimolar amounts (Supplemental Fig. 3) .
To assess binding of VHH4 to class II MHC molecules at the cell surface, human peripheral blood mononuclear cells were incubated with Alexa647-labeled VHH4 and analyzed by flow cytometry. Resting T cells (CD31) showed no binding to VHH4, whereas B cells (CD191) and other class II MHC-positive antigen-presenting cells showed specific staining (Fig. 1C) .
Immune Reconstitution of Humanized (Hu)-BLT Mice
Hu-BLT mice were generated on a NOD-SCID g2/2 background by transplantation with human fetal liver and fetal thymus tissue, surgically implanted underneath the kidney capsule. For hematopoietic reconstitution, mice received human fetal liver hematopoietic stem cells. Twenty-week-old mice were analyzed for the presence of human immune cells. Mice received an intravenous injection of
with human T cells, B cells, and other class II MHC1 antigen-presenting cells present in mouse spleen, bone marrow, blood, lymph nodes, and thymus ( Fig. 2A) . As expected, the degree of reconstitution with human cells varied between organs (Fig. 2B) . Animals used were preselected based on peripheral blood CD4 T cell number (.200 cells/mL). Reconstitution of the individual organs, as assessed by the number of human CD451 cells, was comparable for the mice used in our flow cytometry experiments (Fig. 2B) , rendering the number of peripheral blood human CD4 T cells a good predictor for the degree of human reconstitution. The specificity of VHH4 for human cells was further confirmed by the absence of staining of the various lymphoid organs of a NOD/SCID mouse that did not receive a transplant, as further confirmed for a wild type BALB/c mouse (data not shown; Fig. 2A) .
We next performed 2-photon microscopy of the spleen, thymus, and lymph nodes to assess location of human MHC II1 cells. As for flow cytometry, BLT mice were injected with Texas Red-conjugated VHH4 (10 mg). Organs were harvested 2 h after injection. In the spleen and cervical lymph nodes, germinal center B cells were positive for VHH4 (Fig. 2C) . The human thymus showed disperse expression of class II MHC, likely attributable to thymic antigenpresenting cells and class II MHC-positive thymic epithelial cells. Organs of nontransplanted NOD/SCID mice showed no reactivity with VHH4 (Fig. 2C, spleen) .
Noninvasive Immuno-PET of Human Immune Reconstitution
With the exception of peripheral blood, an assessment of the degree of immune reconstitution by cytofluorimetry or histology requires euthanasia of BLT mice. The analysis is limited to the tissues harvested and obviously excludes further experimentation in live mice. To obtain a full-body image in live animals, we examined the presence of human immune cells in different organs by noninvasive immuno-PET. VHH4 was radiolabeled with 64 Cu, enabled through installation via a sortase reaction of 1,4,7-triazacyclononanetriacetic acid as a metal chelator (Fig. 3A ) (9) . Mice were given 1.85 MBq (50 mCi; ;5 mg) of radiolabeled VHH4 and were imaged 2 h after injection. The time points for imaging were chosen on the basis of our experience with radiolabeled VHHs, where we showed that the circulatory half-life of VHHs is short (,15 min) and that images acquired 2 h after injection of the radiolabeled VHHs provide an excellent signal-tonoise ratio (9) . We observed a strong PET signal in the spleen (Figs. 3B and 3C ) and in the spine, sternum, hip bones, and proximal and distal humerus and femur. These signals represent the presence of human class II MHC-positive cells and were consistently present in all BLT mice imaged. We also observed low nonspecific accumulation of signal in the kidneys and bladder, common VHH-elimination sites (23) . PET/CT of untreated NOD/SCID mice (Figs. 3B and 3C) injected with the same amount of 64 Cu-labeled VHH4 showed no specific signal (nonspecific uptake in kidneys), further confirming the specificity of VHH4.
The extent and distribution of lymph nodes varied between different mice, and, if present, only the cervical lymph nodes showed a signal, which is probably due to defects in lymph node development in immunodeficient mice (24) . This is in contrast to BALB/C (data not shown) or B6 mice (9) imaged with a VHH that recognizes mouse class II MHC, which show positive signals for lymph nodes, as well as spleen and thymus.
We concluded that the PET signals obtained with radiolabeled VHH4 in the BLT mice are specific. Radiolabeled VHH4 thus enables detection of human immune reconstitution of class II MHC-positive cells in BLT mice, consistent with the results obtained by flow cytometry and 2-photon microscopy.
Detection of Inflammation in GvHD Model with Liver Involvement
By a mechanism as yet poorly understood, some BLT mice develop GvHD. This not only is due to the human-mouse MHC mismatch, but also apparently depends on the HLA type of the fetal donor (13) . GvHD in these mice may well be provoked by coincident infections and is characterized by human T cell infiltration in the affected organs (13) . Activated human T cells upregulate expression of class II MHC products (25) . We hypothesized that it should be possible to detect such activated, infiltrating T cells using 64 Cu-labeled VHH4 in PET/CT. To explore this possibility, BLT mice with GvHD stage 3 (full body alopecia, Fig. 4A ) were imaged by PET/CT using VHH4. We observed an intense PET signal in the liver, not seen in BLT mice without GvHD (stage 0) or control NOD/SCID mice (Figs. 4B and 3B, respectively).
Two-photon microscopy with fluorophore-labeled VHH4 in GvHD-affected mice showed increased reactivity in the liver (Fig.  4C) , which we attribute to inflammation, compared with the liver of a mouse without GvHD (stage 0). To detect the source of the increased class II MHC signal, all organs including liver were dispersed into cell suspensions and analyzed by flow cytometry. We observed increased human T cell infiltration (Fig. 4D) and an increase in class II MHC-expressing T cells in samples from liver, consistent with an activated phenotype, not observed in BLT mice without GvHD (Fig. 4E) .
DISCUSSION
The unique characteristics of VHHs make them useful to detect immune reconstitution in BLT mice, not only by conventional invasive methods but also, more importantly, by noninvasive imaging. Here we report the development of a VHH that recognizes HLA-DR, human class II MHC products. Because class II MHC is expressed on antigen-presenting cells and also marks activated T cells and natural killer cells, VHH4 was used to detect immune responses (26) . In a xenograft model of chronic GvHD, detection of human inflammation, and more specifically the presence of activated human T cells, correlated with clinical GvHD. In this model, it is thus possible to image human immune responses by means of a noninvasive VHH-based PET/CT method.
Reconstitution of a more or less complete human immune system in BLT mice is commonly assessed by flow cytometry and immunohistochemistry (27, 28) . Human cells are present in blood, bone marrow, spleen, lymph node, liver, intestine, and thymic organoid. However, the percentages of human cells and the extent of reconstitution vary between animals, even within a single reconstitution cohort (28) . To improve homogeneity of experimental cohorts, selection of mice with a similar extent and pattern of reconstitution is crucial. Noninvasive imaging can show immune reconstitution of all organs. Accordingly, mice can be selected to more precisely meet the experimental needs. Imaging with VHH4 is obviously limited to providing information on reconstitution of class II MHC-positive immune cells. Other human-specific VHHs would have to be developed to expand the series of markers that can be captured, an eminently feasible proposition.
We were able to noninvasively image infiltration by activated human T cells in a xenograft model of GvHD. The histopathologic characteristics of chronic GvHD are seen in the BLT model: there is T cell infiltration in a variety of target organs, inducing inflammation and sclerosis (13) . Hu-BLT mice develop a human T cell repertoire that can recognize pathogens and mount immune responses against them (28) . It is unclear whether human T cells undergo positive and negative selection also in the mouse thymus, yielding T cells restricted by murine MHC products, or whether selection in the human thymus is influenced by mouse antigen-presenting cells that take up residence there. Preliminary indications point in this direction, because the GvHD target organs are infiltrated with human T cells but lack human antigen-presenting cells (13) , making it a suitable xenograft model for GvHD, because it corresponds better to the human situation, within limits.
Immuno-PET of animals with clinical signs of GvHD showed infiltration predominantly of the liver. Previous reports have described T cell infiltration of the skin, lungs, and bowel as well (13) . There are several different possible explanations for our inability to observe T cell infiltration in the skin, even in animals that show clear skin abnormalities. The signal intensity of hot organs results from high numbers of antigen-positive cells per volume-or density of the antigen molecules-which can bind to radiolabeled VHHs. PET images show massive inflammation in the liver, whereas the lack of signals in other potentially affected organs such as the bowel could be due to a lower density of MHC II1 cells present there, below the limits of PET sensitivity or by scavenging of labeled VHH by the hot organs. When we injected a far larger dose of Texas Redlabeled VHH4 and examined the skin of GvHD-affected BLT animals by 2-photon microscopy, we observed an increase in the number of VHH4-positive cells compared with skin from mice that did not show clinical GvHD (Supplemental Fig. 4) . Because of the sensitivity and resolution of the animal PET used for imaging, detecting PET signals from the thin skin cell layer will remain a challenge. The absence of signal from the intestine and lungs in the BLT mice can also be explained by the fact that these organs are not affected by GvHD in our model, a notion supported by a lack of clinical signs of involvement of these organs (no dyspnea, diarrhea, or weight loss). 
